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The 

Introduction 

olerance of a fuel cell  anode to n-octane con aining various 
types of hydrocarbon additives, aromatic ,  olefinic, and naphthenic was 
determined (1). 
shown in Table 1 behaved very s imilar ly  (50 m v  or  less  difference), at  
least  on a short  t e r m  bas is ,  to  n-octane alone. 

I t  was found that the octane-based fuel of the composition 

Table 1 

Model Hydrocarbon Fuel Cell Fuel  

Compound Type 

Oiefins 

Concentration Mole % 

0-5 

Aromatics 1 

Naphthenes (cyclohexane type) 5 

(cyclopentane type) 15 

n t i octane balance 

If the reactivities of each one of the fuel components in  Table 1 a r e  different 
it can be inferred that anodic oxidation will proceed, at  steady-state,  accord- 
ing to the extent.of electrode coverage by the most  reactive species.  
implies,  of course,  that  probably a major  portion of the anode will be 
covered by m o r e  re f rac tory  species;  these may be present in the original 
fuel  and may a l so  consis t  of reaction intermediates.  

This 



Experimental 

The details of the experimental features  were  outlined ear l ie r  (1). 
The following additional procedures apply specifically to this case:  

A fuel, after making a single pass through the fuel cel l  (anode 
compartment value 7 . 5  cm3),  was passed,  with its oxidation products,  into 
a Perkin-Elmer 801 gas chromatograph, equipped with a heated gas sampling 
valve and a differential flame ionization detector.  The chromatographic 
measurements of the exhaust composition were made after the cell  was 
operated for long enough to eliminate biases  introduced by concentration 
gradients in the exhaust system and/or adsorption effects. The gas chroma- 
tograph was calibrated before each measurement by injecting severa l  fuels 
in the concentration range of interest  t o  determine retention t imes,  peak 
heights, and areas .  The gas chromatograph was operated isothermally at  
100°C and the calibrations were made in t e r m s  of peak areas  determined 
with a disc integrator fitted on a Leeds and Northrup 5 m v  recorder .  The 
column, prepared by Perkin-Elmer was a 1 2  foot, 1/8 inch 0. d. 
steel  tube packed with 10 wt. $, Apiezon-L supported on 80-100 m e s h  
chromosorb W. 
were used for the fiame detector.  
supplied by Matheson. 

Stainless 

Helium gas was used as  a c a r r i e r ,  air and hydrogen gases 
All were zero  grade (hydrocarbon free)  

Since all the fuels used in this study a r e  liquids at room temperature,  
the sample valve, sampling tube, and the fuel exhaust lines were heated to 
prevent condensation. 
about 13OoC and monitored frequently with the aid of appropriately positioned 
thermocouples. 

The temperatures  of the lines were maintained at  

Pr ior  to entering the hot l ines,  the anode exhaust passed through a 
heated electrolyte t r a p  made of Teflon. 
were measured with a capillary tube flowmeter. 
this system is shown in Figure 1. 

Fuel  flows in the microl i ter  range 
A schematic diagram of 

Measurements of the inlet fuel flow, the cel l  current,  and the exhaust 
composition supplied all  the data that were necessary to calculate the current 
contributions of each component in the binary fuel. 
ionization detector was employed, it was not possible to measure  the CO or  
H 0 in the exhaust s t ream.  Therefore,  the concentrations measured onqy 
re fer  to mixtures of hydrocarbon components. 
on a General Electric 625 computer using programs written in F o r t r a n  IV. 
The complete programs a r e  given elsewhere ( 2 ) .  

However, since a flame 

2 The calculations were  performed 



The anodes were platinum-Teflon-screen composites of a type 
described in the l i t e ra ture  (3). 
geometric a rea .  
95 wt. % by controlled addition of water.  
a t  350°F. 

They were of 3 x 3 inch (0.05 f t 2 )  active 

A l l  measurements  were made 
The electrolyte was phosphoric acid, maintained a t  

The anodes were operated,  for the most  par t ,  a t  potentials in 
the range of 0.  5 volt vs .  H2/Ht; this is a pract ical  potential at  which 
hydrocarbon anodes can  be operated for  extended periods with reasonable 
power outputs (1). 

Results 

A. Binary Fuels  

1. Aromatic Additive (benzene/n-octane) 

\ 

To study the relat ive reactivity of aromatics  and n-paraffins, a 
binary fuel consisting of benzene t n-octane was examined. 

For this par t icular  fuel the benzene concentration was varied from 
1 to 5 mole %, and the liquid fuel flow ra te  was varied from 5 to  40 11 l/min. 
For n-octane, this corresponds to  a t  l eas t  two times the stoichiometric 
amount for a l l  cases .  The experimental  resul ts  for  a l l  the benzene/n-octane 
mixtures studied a r e  summar ized  in Table 2. 
give the exhaust composition of the cel l  and the cur ren t  contribution from 
benzene. 
preferentially oxidized. 

from benzene, is plotted against the fuel flow r a t e  for a fuel consisting of 
99 mole 
a t  an essentially constant cur ren t  (-1.5 amps) and anode potential (-0.5 
volt vs.  N.H. E.) .  
to  the fuel flow ra te .  
as  i t  is supplied, a t  l eas t  for  the range of flow r a t e s  studied, and provided 
that I > I 

T A' 

Columns 4 and 7,  respectively, 

A comparison of columns 1 and 4 indicates that benzene is 
In Figure 2 the quantity I /I the cur ren t  fraction 

A T  

n-octane t 1 mole % benzene. These data points were obtained 

The cur ren t  fraction from benzene is directly proportional 
This  indicates that the aromatic is consumed as rapidly 

A '  Further  generalization is provided by Figure 3 which is a plot of I 
the current  f rom benzene, vs. the benzene flow ra te ,  for fuels consisting 
of n-octane + 1, 3 ,  and 5 mole benzene. The cur ren t  f rom benzene I s  
proportional to the benzene flow ra tes ,  again indicating that the aromatic is 
consumed as rapidly a s  it is  supplied, independent of whether it is supplied 
a t  high concentrations and low total fuel flow r a t e s  or low concentrations and 
high total  fuel flow r a t e s .  
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The cur ren t  contribution from benzene, IA, under these conditions 
can be represented by the relation: 

(1) 
4 IA = 4.51 x 10 VA 

where V is the benzene flow ra te  in units of gm. mole/min. 
A 

If this resu l t  can be generalized to a l l  aromatics,  at these conditions 
of operation, the following relationship can be obtained: 

A 
IA = 0.934 n F  U N  

where: 
U = mole feed rate ,  moles per  minute 
NA = mole fraction of aromatic in feed s t ream 

and the other t e r m s  have their  usual significance. 

2. Olefin Additive (pentene -l /n-octane) 
r 

The reactivity of olefins in a fuel was determined by studying a 
binary fuel consisting of 95 mole % n-octane + 5 mole % pentene-1. 
experimental data is  summarized in Table 3 .  
exhaust composition of the cell  and the current  contribution for pentene-1, 
respectively. 
exhaust concentrations, respectively,  shows that the olefin is  preferentially 
oxidized irrespective of the fuel flow rate .  
this indicates that the olefin is consumed as  rapidly a s  it is supplied for 
the range of flow r a t e s  studied, and provided that I 

The 
Colums 4 and 7 give the 

A comparison of columns 1 and 4,  the pentene-1 inlet and 

A s  for the case with benzene, 

> I 
T 01' 

The average values of the cur ren t  contribution from penten-1, 
a r e  plotted against the pentene-1 flow r a t e  in Figure 4. 
there is a linear relationship between the current ,  Io 
since there is virtually no pentene-1 in the exhaust, txe current  produced 
is the stoichiometric amount calculcated from its flow rate .  I t  is noted 
that a t  the higher flow r a t e s  there  is a curvature towards the abscissa.  
This suggests that at high flow rates  or high concentrations of the olefin 
the current  f rom this compound will probably reach  a limiting value. 

It can be seen that 
and flow r a t e ,  and 

The cur ren t  contribution from pentene-1 for these reaction conditions 
and a t  low flows, as determined from Figure 4, can be expressed as: 

4 
Iol = 4.83 x 1 0  Vol (3)  
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where V is the pentene-1 flow ra te  i n  gm mole/min. 
generaliged to apply t o  a l l  olefins' the following resul t  is obtained: 

If the resul ts  a r e  

Iol = n F  u Nol  (4) 

where the symbols have the same meaning as  described above for benzene. 

t 

3 .  Naphthene Additive (c yclohexane/n-octane) 

Experiments to determine the relative reactivity of cyclohexane- 
type naphthenes and n-octane were conducted on a binary fuel consisting, 
of 95 mole $ n-octane and 5 mole % cyclohexane. 
a r e  summarized i n  Table  4. 

The experimental resul ts  

The cyclohexane-type naphthenes a r e  considerably different from 
the aromatic and the olefin compounds previously discussed. 
columns 1 and 4 which show the cyclohexane concentration in the inlet and 
exhaust s t reams,  respectively,  i t  is seen that only 27 to 44% of the 
naphthene is removed. 
olefins which were  virtually entirely removed (93 to  100%). However, it 
is of importance t o  note that the cyclohexane concentration in the exhaust 
is always substantially lower than the inlet concentration. This is  shown in 
Figure 5 i n  which the cyclohexane concentration in  the exhaust is plotted 
against the liquid fuel flow ra te .  
levels out at about 4 4 3  of the inlet concentration. 

By comparing 

This is  in  marked contrast  to the aromatics and 

It is seen that the cyclohexane concentration 

From a consideration of thermodynamic equilibrium data (4) for  
the gas phase dehydrogenation reaction: 

t 3H2 (5) 

it shows that, for  the conditions prevailing a t  the anode, the product of 
Reaction ( 5 )  will contain 2. 3 mole 7 benzene and 2.7 mole 3 cyclohexane. 
The benzene (and hydrogen) will be rapidly and almost completely consumed. 

From these equilibrium considerations, 46% of the naphthene would 
This be consumed with some consumption of the accompanying cyclohexane. 

compares favorably with the experimental  values ranging from 56 to 72% 
(Table 4) .  The agreement  with the low value (56%) obtained a t  the higher 
flow r a t e s  is in bet ter  agreement  since under high flow conditions the electro- 
chemical utilization of cyclohexane is lower than under low flow conditions. 

, 
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The average values of the cur ren t  contribution from the naphthene 
is plotted vs .  the naphthene flow ra te  in Figure 6. 

is again obtained as with benzene and pentene-1, but here  it i s  noted that 
the line does not pass  through the origin. 

A l inear relationship 
IN' 

The experimental  resul ts  i n  Figure 6 can be fitted to the following 
empir ical  equation: 

4 
N 

= 0.05 t 3.55 x 10 v IN 

where V is the flow r a t e  of cyclohexane in mole/min. N 

Once again, if the resu l t s  a r e  generalized to all cyclohexane-type 
naphthenes the following relationship is obtained: 

IN = n F  (8. 65 x t 0.613 u N N )  (7) 

when N 
have the significance descr ibed above. 

is the mole fraction of the naphthene a t  the inlet and the other t e r m s  
N 

B. Five Component Fuel 

A fuel consisting of 7 4  mole 5 n-octane t 15 mole % methylcyclo- 
pentane + 5 mole 7 methylcyclohexane t 5 mole 5 pentene-1 t 1 mole % 
m-xylene was studied to determine whether the resul ts  reported,  above using 
binary fuels a r e  applicable to more  complex fuels. It is possible that one or 
more  of the components a r e  selectively oxidized at  the expense of the others.  
A fuel of this part icular  composition was chosen since it was previously shown 
(1) to behave very s imi la r ly  to pure n-octane. Furthermore,  this study comes 
closer  to simulating operations with a r e a l  commercial  fuel. The experimental 
resu l t s  a r e  given in  Table  5. 

For the sake of better 'resolution in the chromatographic analysis,  
benzene and cyclohexane, which had been used as  model additives in  studies 
with binary fuels,  were replaced by m-xylene and methylcyclohexane, 
respectively. 
positions of the five fuel components a r e  shown as  a function of liquid fuel 
flow ra te  in F igures  7 t h r u  11. 
concentration i n  the fuel  actually increases  f rom 7 4  to 96 mole % after a single 
pass through the cel l  as is shown in Figure 7 .  
for  both the five and six-membered ring types a r e  substantially reduced in  
the exhaust s t r e a m ,  especially a t  low fuel flow rates;  this i s  shown i n  Figures  
8 and 9. 

The resu l t s  should not be great ly  affected. The exhaust com- 

It is important to note that the n-octane 

The naphthene concentrations 

Figures 10 and 11 show the pentene-1 and m-xylene concentrations 
in the exhaust, respectively,  plotted as a function of liquid fuel flow rate.  
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As for the case  of binary fuels ,  the unsaturated compounds a re  virtually 
entirely depleted f rom the fuel s t r eam at low fuel flow ra tes  (approximately 
10 u l /min . ) .  
mus t  be a resul t  of competition for  surface s i t e s  between the various fuel 
component molecules .  However, the concentrations of these compounds 
a r e  greatly reduced; thus, better than 70% removal  of the aromatic  compound 
and better than 80% of the olefin is observed. 
significant, since i t  indicates that the m o r e  harmful  components a re  
preferentially oxidized resulting in an "exhaust fuel" that is r icher  i n  the 
more  desirable components. 

The breakthrough of these compounds above these flow ra tes  

This  fact is extremely 

The cur ren t  contributions of the five components under consideration 
a r e  shown i n  F igures  12 thru 16. 
simultaneous solution of five l inear  equations (2). 
a r e  quit e sensitive to  relatively smal l  variations in each of the variables. 
Thus, an experimental e r r o r  of about 1 to  3 %  in  the chromatographic analysis 
can cause ra ther  s eve re  distortions in the calculated cur ren t  contributions 
of the components for  which the e r r o r s  were made. Furthermore,  the 
assumptions made for  the parameter  n (number of gm-equivalentslgm-mole) 
of each species and for  the Faradiac efiiciency, which was assumed to be 100%. 
will a lso influence the r e su l t s .  

They were obtained by means of the 
Unfortunately, the solutions 

These comments  a r e  pertinent, i n  view of 'the curve discontinuities 
observed in F igures  12 thru  14. 
considering the smooth variation of the exhaust composition data with flow 
ra t e  (Figures  7 thru 9). 

These discontinuities were unexpected, 

On the other hand, the relat ive reactivity of olefins and aromatics  
yield resul ts  a s  exhibited i n  Figures  15  and 16. 
of the binary fuel resu l t s  and reflect the situation where i t  was shown that 
there  is not necessar i ly  an additive effect on performance when two or  more  
"refractory" additives a r e  present  in a given fuel  (1). 

These resu l t s  a r e  reminiscent 

. 

It i s  c l ea r  f rom the above discussion that the cur ren t  contributions 
f rom n-octane, methylcyclopentane, and methylcyclohexane a r e  difficult t o .  
calculate. . 
The cur ren t  contributions for  each of these  components, at low flow ra tes ,  
a r e  given by the.equations: 

This is not the case ,  however, for m-xylene and pentene-1. 

Iol = 0 . 9 6 3  nFuNol  

= 0 . 9 3  nFUN ' 

IA A (9) 

Equations (8) and (9) a r e  in very  good agreement  with Equations ( 2 )  and (4) 
which apply to binary fuels. I t  should be noted that a different aromatic , 
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additive was used in the binary mixture. 
the fac t  that the electrochemical oxidation of olefins and aromatics  a t  low fue l  
flow r a t e s  appears to proceed independent of the other species present  in the 
fuel. 

This is an alternate way of expressing 

C. General Considerations 

Figure 17 shows that aromatics, olefins, and naphthenes in pure 
form exhibit considerably poorer  polarization characterist ics than n -octane 
when oxidized electrochemically. 

The rather  unexpected relative reactivities observed in  the present 
work for fuel mixtures is, therefore, probably due to competitive adsorption 
effects,  with the more  re f rac tory  species  achieving high coverages of the 
active sites and being selectively oxidized. 
data a r e  available for the c lasses  of compounds studied t o  put this discussion 
on a more  quantitative basis. 

Unfortunately, no electrosorption 

Discus e ion 

A c learer  understanding of the preceding results can be obtained 
from some fundamental relationships. 
thickness t, containing an electrode of a r e a  A. as  is shown in Figure 18. 
There is a steady flow, u. of reactant mixture expressed as moles  per  unit 
time. A volume element, dA, is selected so that the concentration of 
component i is N expressed as mole fraction and the concentration leaving 
is N - dN . The ra te  of change in the number of moles of component i at a 
given poinf in the anode compartment,  m , can be expressed by the equation: 

Consider an anode compartment of 

i 
i 

i 

i 
dm - = udN t r  dA 
dt i i  

where r is the ra te  of oxidation of component i in the anode compartment 
expressed a s  moles of reactant  converted per  unit a r e a  of electrode per unit 
time, and the remaining symbols have the i r  usual significance. 

i 

Considering the anode compartment as a flow reactor  at steady-state. 
Equation (10) simplifies to: 

r dA = -fidNi 
i 

4 

Considering mainly activation effects and expressing the cur ren t  
density of a component i in t e rms  of the reaction rate,  we obtain: 

= n F r  ii i i  
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Combining Equations (1 1 ) and (1 2) and integrating yields: 

A N 

he re  the subscript i has  been eliminated for sake of simplicity and N 
the mole fraction of the component under consideration a t  the inlet. 

is 
0 

E-xpressing the current  density in t e r m s  of the electrochemical 
kinetics of an activation-limited, anodic, forward reaction 

where q is  the anodic activation polarization, we can write 
a 

(s) e x p \  RT 1 
i = n F N Y k  exp 

where y is the reaction order ,  k is a r a t e  constant, AG+ is the standard 
f r e e  energy of activation, Eo is the reversible  potential, and a is the 
t ransfer  coefficient. It is recognized that Equation (14) is the cor rec t  
kinetic expression fo r  the hydrocarbons studies , but for our purposes the 
following simplified equation can be 

BE i = k’ Ny e 

more  easily fitted to the experimental data, where k’ and 8. a r e  now constants 
to be f i t  to the experimental  data. 
(13) yields: 

Substituting Equation (15) into Equation 

A - n F D e - ’ E  , jN dN - 
0 ’’ No N k’ f d A =  

where upon integration and rearrangement  gives: 

for  the case  where y # 1. 
react ion order of unity th i s  case was not considered. 
Equation (17)  a r e  listed i n  Table 6 for the additives studied. 

Since none of the additives studied have a 
The constants in 



Table 6 

Constants for Equation (17) 

Compound k', ASF e Y 

m -xyiene 0.17 6 .7  -0.1 I* 

Benzene 0.039 9 .3  -0.11 

Methylcyclohexane 0.029 11.9 

Pentene- 1 0.26 9 .3  -0.16* 

n-octane 0.12 13. 1 -0.5 

The empirical constants k' and 0 were determined from the linear 
portion of curves in Figure 19. The reaction order  for benzene was given 
in a recent study by Bockris et. al. (5) and the values of the orders  for 
m-xylene and pentene-1 were estimated f rom Bockris's data. The other 
values for y were obtained by fitting the binary fuel data toEquation (17). 
Equation (17) permits  the calculation of the exhaust composition of any 
compound for  which the constants a r e  known. 
for various compounds i n  a particular c lass  will  be sufficiently s imi la r  to 
make Equation (17) general enough to calculate the exhaust composition 
(and therefore cur ren t  contribution) of a fuel ce l l  anode a t  any given se t  of 
anode operating conditions. 

It is hoped that the constants 

The f i t  of the experimental data for the five component fuel to 
Equation (17) is only fair  if the condition: 

is obeyed. 
reactive prior to this investigation can be-explained by Equation ( l a ) ,  
indicating that the resu l t s  obtained can be explained from simple fundamental 
considerations. 

The utilization of the components that were  believed to  be un- 

Conclusions 

1. Under anode operating conditions that present-day direct  
hydrocarbon fuel cell  technology permits ,  the components of a pract ical  
fuel (aromatics, olefins, and to a cer ta in  extent naphthenes) can be prefer -  
entially oxidized. This is apparently a resu l t  of the magnitude of the 
relative coverage of the active s i tes  with the components in question. The 
anode effluent becomes enriched in the m o r e  desirable  paraffin component. 
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2 .  The preferential  oxidation of the ' 'unreactive' '  components 
can be explained by s imple kinetic considerations. 

The engineering significance of these findings is extremely important 
since it is  now evident that  no fuel pretreatment beyond established l imits is 
necessa ry  and that the fuel can be recycled without any harmful side effects. 
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Figure I Fuel Feed and Exhauet for Chromatographic Study of 
Binary Fuels .  
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